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An auto-encoder is a neural network trained to output a reconstruction of its input.
There is a ‘bottleneck’ layer whose dimension is typically lower than that of the input.

Because the input passes through the bottleneck, the auto-encoder must learn to compress (encode) the

input into this low-dimensional form, and to decompress (decode) the compressed data into a close
approximation of its original form.
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Bottleneck Optimization Performance Summary
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These graphs use 3-fold validation.

Nodes in Bottleneck

Nodes in Bottleneck

True Positive: The reconstruction error for a sample is
above a threshold and the sample is damaged.
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Bottleneck Optimization Performance Summary

Autoencoder Performance with Varying Bottleneck

Just Board 401 Data
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Both deep and shallow appear to do better when not using the Philadelphia data to supplement the
baseline data under the current method of normalization.
So far the shallow networks appears to perform slightly better.

These graphs use 9-fold cross validation.



Between-Class and Within-Class Median sgrt(squared(differences)))

Median sqrt(square(A-B)) of all Pairs
[All samples normalized to 0-1 range]
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If the reconstruction error
is above ~0.2, then the
error in reconstruction is
greater than difference
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ELoad1600 and the
Philadelphia datasets are
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normalization scheme
used (global min/max,
normalized to 0-1 range).
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Multi-Actuator Shallow Auto-encoder
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Ali 13 Features, Bottleneck of 1, 100 Epochs, 9 Fold Stratified
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All of the following graphs use 9-fold* stratified cross-validation.
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Each consists both of a separate training & testing set and an auto-encoder.
Each fold has approximately 1039 training samples and 377 testing samples.

Because the 9 auto-encoders are trained separately, it’s possible for them to learn different methods for reconstructing the data.
Sometimes the auto-encoder will get stuck in local minima, and perform poorly.
It’s also possible the auto-encoder is learning a good representation, but one that doesn’t produce different magnitude
reconstruction errors for damaged/undamaged inputs.

*9-Fold was selected because 1/10% of the data has been set aside for eventual validation.
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Multi-Actuator Data | Bottleneck of 1
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All of the following graphs use 9-fold* stratified cross-validation.
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None of the results for the single-
node bottleneck are very good, but
these clusters on the right hand side
are likely a local minima.
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Each consists both of a separate training & testing set and an auto-encoder.
Each fold has approximately 1039 training samples and 377 testing samples.
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Because the 9 auto-encoders are trained separately, it’s possible for them to learn different methods for reconstructing the data.
Sometimes the auto-encoder will get stuck in local minima, and perform poorly.
It’s also possible the auto-encoder is learning a good representation, but one that doesn’t produce different magnitude
reconstruction errors for damaged/undamaged inputs.

*9-Fold was selected because 1/10% of the data has been set aside for eventual validation.




Multi-Actuator Data | Bottleneck of 2

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 2, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 3

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 3, 100 Epochs, 9 Fold Stratified

ali/ELoad1600 - i IMIHIIIIII__MI-Hll TR R RTR R ETL T (] R
ali/ELoad1500 IR RE IR R IR ] #\HIIII L N e Rt AR TR (A (IR R A IR FRY |
ali/ELoad1400 - \HIIIIIIHII__I.IIIHI\ 10N B D B 1
ali/ELoad1200 H\l-IIIIII#IIIIIIIIHIIII (RRERL [ 10
ali/Baseline 4 1 ﬂlﬂm*lnlillll I I 0 AR
Ph. 9/11 Base. Act. 6 I AR R R IR - I*\II\IIIIIIII | | [ e R | P | | e
Ph. 9/11 Base. Act. 54t bbb UEEE 0 P i HI‘!IIIIIIIIIII P | - (AR B
Ph. 9/11 Base. Act. 2 (o (L R I B R R e (1 BRI RIE ] H*IIHHH L] IR | I |
Ph. 9/11 Base. Act. 11l (A | R 1 e Vi N MR 111 >+I TEEE TR | Ul
Ph. 9/10 Base. Act. 3 & 44 PRI (R VT II‘I R e e [RIR IR R | I R R R R
0.2 0.4 0.6 0.8
Novelty Index (Reconstruction Error)
01 6 e Ph.9/10 Base. Act. 3 & 4
3.5 s Ph.9/11 Base. Act. 1
N304 el TN e Ph.9/11 Base. Act. 2
=) * e Ph.9/11 Base. Act. 5
EE : " e - stV ° . ® oan *°T"° ** : :E,:IBZ::H?:S& e
8 | > ":.’:a:.:,'.—: ali/ELoad1200
58 o o0 .--.-jjﬁ"l-ﬁ- - e ali/ELoad1400
o 104 ali/ELoad1500
05 4 e ali/ELoad1600
0.0 o o b e L] - e oMb e e o0 GDONNENERE TN Z‘_ TS IAESEEReE W 8 ° SIS S BED B0 L]

0.0 0.5 l.O 1.5 2. O 2.5 3.0 3.5
Latent Dimension 1



Multi-Actuator Data | Bottleneck of 4

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 4, 100 Epochs, 9 Fold Stratified

ali/ELoad1600 4 H-1 LRI LREST IIIIIIIHIIIHIIIIIIHIIIIIIIIII!II\IIHIIIIIIII*IIIII!IIIIIIIM\IIIIIHHIIIHIIIIHIIIIIHIIII\IlIII\IIIIII (N
ali/ELoad1500 (0 LR TR T e (TR TR T RN I IIIIHIHIHIIIHIIIH‘I!M\IIII\IIIIIIIII LR R R TR TR T TR TR
alifELoad1400 4 LR IER T IIIII-II_+IIIIIIIIIIIII|III|IIII|II>IIIII|IIHHIIIIIIIII IR RN
ali/ELoad1200 \IHIIIHHIMII?IIIIIIII*!I?I.--III M0 O O
ali/Baseline 4 (RRRUARLATT T (AR \IH_II-I*-I-IHI L LT TR TR T U A T A (.
Ph. 9/11 Base. Act. 6 | I H L L B R I e N e N [ IIHIII*I\IHI (. L e B e S Rt S R | R I (" I
Ph. 9/11 Base. Act. 5 L e e | B 1 e B I e 11 [ S O o B B8 | R R H‘H {1 I [ B A [ R 1 [ R [ B [ e
Ph. 9/11 Base. Act. 2| I e I R e R | \‘\HIH FEE I [ e ([N [
Ph. 9/11 Base. Act. 1 [ | | R R e 1| R IR R [ S | RSB R { I‘\ (A R RN A (R HEEE FEEE
Ph.9/10 Base. Act. 3 &4y 1 b W WEEE b b FHE L e e B [ B e | R [ I P E 1 [
0.65 o.io 0.‘15 0.,‘20 0.1’25 0..1'!0 0.:35 0.-‘10

Novelty Index (Reconstruction Error)

3.5

“. H e Ph.9/10 Base. Act. 3 & 4

3.0 1 @ e Ph.9/11 Base. Act. 1
o & o Ph.9/11 Base. Act. 2
c . 251 ' L e e
a) ° S e ® e Ph.9/11 Base. Act. 5
G o .
£ 201 P & ) J‘ e Ph.9/11 Base. Act. 6
= 4 (S s oMoo' % iBaseline
52 154 - . "“' . @me o i
a5 - e o s W) e ] . Peele ali/ELoad1200
£s | g s #i¢ ‘Wie - o ali/ELoad1400
§ = o . ¢ ali/ELoad1500

051 e e ali/ELoad1600

0.0 L e B ] o omm © o [ ] aadee e e e - e

0.‘0 0.‘5 l.I() l.l5 2.‘0 2.‘5 3.‘0

Latent Dimension 1



Multi-Act

uator Data | Bottleneck of 5

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 5, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 6

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 6, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 7

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 7, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 8

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 8, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 9

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 9, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 10

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 10, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 11

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 11, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data | Bottleneck of 12

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 12, 100 Epochs, 9 Fold Stratified

alifELoad1600 4 FAHE HIHHHIIIIIIIHHIIi\IIHIHHIlIIIIIIIIIIIIHIIIIIIIIHIIIIIIIIIIIIIIIHII-IIIIHII)INIIII!IMIIIIIIIIIlIIIIHIIIII\IIIHIIIIIIIINHI\IIII\HIIII\ I
ali/ELoad1500 \ I RIS RS IR TR R ARSI H T AT TR I Hlﬂ*l\I\\IIIIHIHHIHI\I\IHIIIIIIII\III|IIIHIHIHIII\IIHIIIH\ IR T RIS IRas
alifELoad1400 4 I IR R R HRIR T | IIIMIIMI.HIIIIII-*II-IIIIIIIIIHIIIIIHM\IIIII [ IR RS
ali/ELoad1200 (A i IHIHIIHIIHIl“lmM|IMﬂll“_H+|_IIIII-Il-IIIIIIIIIIIII\IIIIHI\
ali/Baseline 4 TR B \Hllll-ili-l-l-lllllllllllllillﬁlIIIIHIIII\IIHH O LR R TRV RN L L LT R TR T AR R | Nl
Ph. 9/11 Base. Act. 6 - L B FEE T FEIEEHIE \|<HH|| L R I I e B R B (R R B [ I
Ph. 9/11 Base. Act. 5 (A | B o S B A R 11 R A B (N R TIRR A (R ] H*I L i R A B B B L B [ [ e B A
Ph. 9/11 Base. Act. 24 | [ L R B B | R R RN \ I uH'| FEEFRE 1] P 1 [ I
Ph. 9/11 Base. Act. 1 [ e L N R AR ([N R B} B IF R I, L T B R e B e B e B R | gt
Ph. 9/10 Base. Act. 3 & 441 1IF IEMRIEEEE E 0 b1 P +HI P T (e B 1 (R R [
0.05 0.10 0.15 0.20 0.25 0.30

Novelty Index (Reconstruction Error)

3.0
- e Ph.9/10 Base. Act. 3 & 4
2.5 - e Ph.9/11 Base. Act. 1
~ .’ e Ph.9/11 Base. Act. 2
58 201 .*? e Ph.9/11 Base. Act. 5
g e Ph.9/11 Base. Act. 6
5= - ) )
EE 15 , o e ali/Baseline
58 . . ame ° ali/ELoad1200
58201 L .._.-‘._, Voo QTSI e o ., . - o ali/ELoad1400
o LI > ,3.;. * Wt %ogesw ali/ELoad1500
057 P o ° o ali/ELoad1600
0.0 I S @S T e o e e [ N ]
0.‘5 l.IO l:S 2.‘0 2:5 3.‘0 3.‘5

Latent Dimension 1



Single-Actuator Shallow Auto-encoder



Single-Actuator Data [Board 401] | Bottleneck of 1

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 1, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 2

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 2, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 3

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 3, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 4

Reconstruction Error (Medians indicated)

Ali 13 Features, Bottleneck of 4, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 5

Reconstruction Error (Medians indicated)

Ali 13 Features, Bottleneck of 5, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 6

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 6, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 7

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 7, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 8

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 8, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 9

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 9, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 10

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 10, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 11

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 11, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Bottleneck of 12

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 12, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 1

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 1, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 2

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 2, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 3

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 3, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 4

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 4, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 5

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 5, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 6

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 6, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 7

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 7, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 8

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 8, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 9

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 9, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 10

Reconstruction Error (Medians indicated)

Ali 13 Features, Bottleneck of 10, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 11

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 11, 100 Epochs, 9 Fold Stratified
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Multi-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 12

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 12, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 1
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 2

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 2, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 3

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 3, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 4

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 4, 100 Epochs, 9 Fold Stratified

ali/ELoad_1600

ali/ELoad_1500

ali/ELoad_1400

ali/fELoad_1200

IIIIIHIII-#II“IIIIIIII (T TR T (N A |

’rHIiII“-..*IIHII LR TR A AT T RS RS AN

IIIIIH--_-#I-I%III?IIII\IIIIIIIII L T N [ e S [ 11 [ 1 R R AN
b IIII___-IIMIIHHIHIIII\IIHIII\ SRR BRI LA RN R

aIi/BaseIiner-*ll-llllllnlulum R RN N RN A (R [N e |

Latent Dimension 2
(Random if 1D)

ot

(LR TR R AR RT R R

T
0.4

0.2 0.6 0.8
Novelty Index (Reconstruction Error)
o* e ali/Baseline
Gy ® )
o '..0‘ e ali/ELoad_1200
ﬂ r e ali/ELoad_1400
\~ I / e ali/ELoad_1500
\M / W e ali/ELoad_1600
2 A—'
cesea il Snment® oo oo
Sy, TR -
&

6

Latent Dimension 1

8

T
10

T
12



Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 5
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 6

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 6, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 7

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 7, 100 Epochs, 9 Fold Stratified

ali/ELoad_1600

ali/ELoad_1500

ali/ELoad_1400

e mHHIIIIIIHIIIHIII“II!IIIIHHHHIIHﬁIIH.IIIIIII.IHIIIIIIHIIIII.II (U LT TR LR R e | R R

(e MR R A R Y ([ R RTR LRI I HIHIH\I'III‘HIIIIH LR T R TR R R R R e 1 FECEHE (. [ B

PR H I HI?IIIIIlIHIIIHIII-||+IIIﬂlH-III\IHIHIII-IIH*HIIIHIHIIIHIIIIIIIIIHIIIIIIIIII LU TR D RN T TR AR I N AR IR VR AR TR | E

ali/fELoad_1200 - I IIIHIHiIIIIHIIIH_IIHIHIII}I\IIIIIIIIIIHIH*-\IIIIIIIIIIIIIIHHIHIIIIIIHHIIHIII\IIIIIMI\IIHIIHIH (TR LTI TR R (IR LR L I A R A (A R N R | I |
ali/BaselinefIIHHIﬂ_nm*ll-ﬂlﬂlllﬂllﬂﬂﬂﬂIIIHIIIIIIH\IIIIIIHIIIII LRI T T S (R (Y] H | I
0.05 0.10 0.15 0.20 0.25 0.30 0.35
Novelty Index (Reconstruction Error)
e ali/Baseline

44 e ali/ELoad_1200
o~ e ali/ELoad_1400
oya) e ali/ELoad 1500
w3 : -
S e ali/ELoad_1600
EE
832
— =
C o
s
[1+]
-4 1

04

Latent Dimension 1




Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 8

Reconstruction Error (Medians indicated)

Ali 13 Features, Bottleneck of 8, 100 Epochs,

9 Fold Stratified
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 9

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 9, 100 Epochs, 9 Fold Stratified
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 10
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 11
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Single-Actuator Data [Board 401] | Deep Auto-encoder Bottleneck of 12

Reconstruction Error (Medians indicated)
Ali 13 Features, Bottleneck of 12, 100 Epochs, 9 Fold Stratified
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